METHODS: A retrospective multicentre study was performed to assess short-and long-term outcomes after Potts shunt.
INTRODUCTION
Idiopathic pulmonary arterial hypertension (IPAH) can present at any age from infancy to adulthood and remains a progressive fatal disease [1] . In most children, IPAH is usually diagnosed in its later stages due to non-specific symptoms, making the prognosis poor [2] [3] [4] [5] [6] . Life expectancy of patients with an Eisenmenger syndrome is significantly superior to that of IPAH patients [7] . In an attempt to convert severe, drug-refractory paediatric IPAH into an Eisenmenger physiology, we have proposed to perform a Potts shunt, namely a direct side-by-side anastomosis from the left pulmonary artery to descending aorta [8] . We then reported promising results with prolonged survival and persistent improvement in functional capacities, positioning the palliative Potts shunt as a new surgical alternative to lung or heart-lung transplantation in severely ill children with suprasystemic IPAH [9] . The promising results from this surgical technique have inspired us and others to try interventional methods in creating a connection between the left pulmonary artery and descending aorta, opening the door to new hopes and new strategies in the management of severe IPAH [10] [11] [12] [13] [14] .
We here report the clinical outcomes of the first 24 patients who underwent either a surgical or a transcatheter Potts shunt for drug-refractory IPAH.
MATERIALS AND METHODS
A retrospective multicentre study was conducted in three tertiary centres of paediatric cardiac surgery (Marie Lannelongue Hospital, Necker Hospital and Bambino Gesu Children's Hospital). All patients <15 years old who underwent a Potts shunt for drug-refractory PAH were included in the study. The ethics committee of each institution approved this study, and all parents or legal guardians gave their informed consent to study inclusion. Between 2003 and 2014, 24 children underwent a Potts shunt (19 surgical, 5 transcatheter) for drug-refractory IPAH. Data were collected with special attention to clinical data [World Health Organization (WHO) functional class, history of syncope, overt right ventricular failure clinical signs, upper and lower limb oxygen saturations and 6-min walk distance (6MWD) when available], biological data [BNP or N-terminal pro-brain natriuretic peptide (NT-proBNP)], echocardiographic data, perioperative characteristics and outcomes at the last follow-up (FU). 6MWD values were compared with normal values adjusted for age and sex [15] . Children received supportive therapy including diuretics, oral anticoagulation and oxygen on a case-by-case basis. From 2003 to 2007, specific PAH therapies including oral endothelin receptor antagonists and phosphodiesterase type-5 inhibitors, and subcutaneous or intravenous prostanoids were used either as sequential add-on therapy or as up-front combination therapy according to clinical status at baseline and worsening events during the FU. Since 2007, a surgical Potts shunt was considered only in patients receiving a triple combination of bosentan, sildenafil and either intravenous epoprostenol or subcutaneous treprostinil, except for a 7-year-old child referred from another country where epoprostenol was not available, and who received only oral combination of bosentan and sildenafil at the time of surgery. Transcatheter Potts shunt was performed in 5 patients with suprasystemic IPAH by stenting of a restrictive or probe-patent ductus arteriosus (PDA). This procedure was applied at the time of clinical worsening in children who were only on PAH oral drug therapy. A right heart catheterization was performed in 17 patients, all of them being nonresponders for acute vasoreactivity testing. The other 7 patients did not undergo right heart catheterization before the Potts because of rapid clinical deterioration (WHO functional class IV), and a very unstable haemodynamic condition when the Potts shunt was planned. We have described both the surgical and transcatheter techniques that have been used in detail in previous reports [9, 10] . The follow-up including physical examination and transthoracic echocardiography was achieved every 3 months by the referring paediatric cardiologist, and at least once a year at one of the three participating tertiary institutions. Cardiac catheterization was not systematically performed after the surgical Potts shunt.
Statistical analysis
Analyses were performed using the PASW Statistics 18 software (SPSS, Inc. Chicago, IL, USA). Categorical variables were described as numbers and percentages. Continuous variables were tested for normality with the χ 2 test, and variables with normal distribution were expressed as mean ± standard deviation (SD), whereas those with non-normal distribution were expressed as median (min-max). P-values < 0.05 were considered statistically significant.
RESULTS

Preprocedural considerations
Twenty-four children (19 surgical, 5 transcatheter, male/female sex ratio = 0.5) underwent a Potts shunt for palliation of drug-refractory PAH. PAH was diagnosed at a median age of 3.8 years (4 months to 15 years). Potts shunt was performed at a median delay of 1.4 years (3 months to 13.9 years) after PAH diagnosis. At the time of procedure, the majority of children were in WHO-functional class IV except for those who had a percutaneous Potts shunt, a mean 6MWD at 42.3 ± 10.0% compared with normal values adjusted for age and sex and an elevated BNP > 500 ng/ml or a NT-proBNP > 1000 pg/ml in 71.4% of them. Preoperative PAH therapy consisted in a triple combination of bosentan, sildenafil and intravenous epoprostenol in 4 patients, a triple combination of bosentan, sildenafil and subcutaneous treprostinil in 7 patients, a combination of bosentan and epoprostenol in 4 patients, a combination of bosentan and sildenafil in 5 patients, a bosentan monotherapy in 2 patients and a sildenafil monotherapy in 2 patients.
Procedural considerations
Nineteen patients underwent a surgical Potts shunt at a median age of 7.7 years (1.5-17 years) and a median weight of 19.5 kg (10.2-47 kg). The mean size of the shunt was 10 ± 3 mm. Side-clamping of the aorta was 10.8 ± 3.3 min. For the first time in human, we performed an unidirectional valved Potts anastomosis (Fig. 1A ) in a 6-year-old, 21-kg girl with infrasystemic IPAH at right heart catheterization ( pulmonary artery pressures: 81/33/55 mmHg, systemic artery pressures: 111/44/67 mmHg) but rapid clinical worsening and repeated infectious and mechanical complications with the central line while receiving a triple combination PAH therapy with bosentan, sildenafil and intravenous epoprostenol. The technique was similar to that we previously evaluated in an animal model [16] . A polytetrafluoroethylene (PTFE) patch was inserted until the superior half of the Potts using separated stitches. Postoperative echocardiography demonstrated intermittent, unidirectional right-to-left shunting through the valved Potts (Fig. 1B) . A transcatheter Potts shunt was performed by tiny and restrictive PDA stenting in 5 patients at a median age of 8.1 years (2.3-9.7 years) and a median weight of 22 kg (12.5-31 kg). One patient required deployment of a second stent as the angiogram after the first stent showed a tight angulation between the stent and the roof of the main pulmonary artery. Mean stented ductus diameter was 8.3 ± 1.8 mm.
Short-term outcomes
Major postoperative complications occurred in 6 patients (25.0%, all from the surgical group) with: (i) 3 deaths (12.5%) owing to low cardiac output, 1 in the surgical theatre, the 2 others at postoperative days 11 and 13, (ii) a transient paraplegia at day 3 in another child, (iii) a medically-treated chylothorax, (iv) a significant tracheal stenosis requiring multiple balloon dilatations and (v) a profound upper limb arterial oxygen desaturation due to a double right-to-left shunting at both the atrial and the arterial levels in a 13-year old girl who underwent successful transcatheter closure of a secundum atrial septal defect by a 24-mm Amplatzer Septal Occluder at postoperative day 2. In the 23 patients who survived the procedure, a significant arterial oxygen saturation gradient between upper and lower limbs was present in the intensive care unit (93.5 ± 4.1% vs 70.0 ± 9.3%, P < 0.001).
Long-term outcomes
The 21 survivors were discharged from the hospital. One patient died during a severe RSV infection 2 years after PDA stenting. The remaining 20 are still alive after a median follow-up of 2.1 years (3 months to 14.3 years, FU ≥ 2 years in 13 patients, FU ≥ 8 years in 7 patients, no patient lost to FU). Characteristics and outcomes of the 19 long-term survivors without death or transplantation (4 deaths, 1 lung transplantation) are summarized in Table 1 . All patients experienced a dramatic improvement in the functional status immediately after either surgical Potts shunt or PDA stenting. This improvement was sustained through the last FU except for 2 patients (9.5%) with a WHO functional class III late after a surgical Potts. Mean 6MWD compared with values in normal children adjusted for age and sex, was significantly improved (42.3 ± 10.0% vs 81.2 ± 9.7%, P < 0.001). The arterial oxygen saturation gradient between upper and lower limbs remained significant at the last FU (94.7 ± 3.6% vs 81.6 ± 5.1%, P < 0.001). Non-invasive haemodynamic evaluation assessed non-restrictive Potts shunt with isosystemic pulmonary artery pressures, flattening of the interventricular septal curvature and preservation of a normal cardiac output on echocardiography. Syncope and right heart failure signs disappeared and all children caught up to normal growth curves. During the FU, a 14-year-old girl who had a surgical Potts procedure 6 years before with a favourable outcome and subsequent weaning from epoprostenol therapy, presented recurrent massive haemoptysis due to multiple, distal aneurysmal arterio-venous fistulas in both lungs and worsening of dyspnoea despite bosentan and sildenafil therapy. She was then listed for double lung transplantation (DLTx). Transcatheter closure of the Potts shunt was performed just before the transplant procedure to allow efficient cardiopulmonary bypass, using an endovascular stent graft (Medtronic Endurant 26 × 100 mm; Medtronic, Inc., Minneapolis, MI, USA). Standard DLTx was then performed through a clamshell incision using cardiopulmonary bypass with an uneventful postoperative course [17] . Another 17-year-old girl from this series is currently awaiting transplantation, listed for DLTx, because of syncope and right heart failure. She had a surgical Potts shunt 7 years before with a favourable mid-term outcome and weaning from epoprostenol therapy. At last visit, all long-term survivors were successfully weaned from intravenous epoprostenol therapy. Two patients with a <1-year surgical Potts shunt still receive a triple combination PAH therapy with subcutaneous treprostinil. Fourteen patients receive only oral drugs (a combination of bosentan and sildenafil in 11 patients, bosentan monotherapy in 2 patients and sildenafil monotherapy in 1 patient) and 4 patients receive no PAH therapy at all. The number of PAH treatments significantly decreased at last visit (2.3 ± 0.7 vs 1.6 ± 0.9, P < 0.05). 
DISCUSSION
The Potts shunt has been recently proposed as a novel alternative to lung transplantation or balloon atrial septostomy in children with drug-refractory PAH [9] . However, this approach is still emerging and data on early and long-term outcomes are scarce. Ours is the largest cohort of consecutive patients who underwent a palliative Potts shunt. Our main finding is that, despite severe early complications in 25% of the patients, long-term results are very good with prolonged survival and significant improvement in functional status. Development of PAH therapies has significantly improved functional capacities, quality of life and also the survival for affected children [18, 19] . However, functional improvement is assessed only in the short term and survival rates are poor in children, with a survival rate of 71.9% at 5 years in children receiving PAH therapies [20] . Freedom from death or lung transplantation in children under medical treatment is <60% at 5 years [3] , supporting the evaluation of other treatment options including surgical and interventional approaches in children whose conditions deteriorate while receiving maximal medical therapy. Alternatives for children who worsen under combined PAH treatment or those who experience right heart failure or repeated syncope were limited to lung or heart-lung transplantation and balloon atrial septostomy until recently. While both transplantation and balloon atrial septostomy carry several drawbacks and a limited median survival [21] , the rationale of creating a right-to-left shunt at the arterial level in patients with suprasystemic PAH was to achieve the physiological advantages of a patent ductus arteriosus-related Eisenmenger syndrome and share its better prognosis. Indeed, life expectancy of patients with an Eisenmenger syndrome is significantly superior to that of IPAH patients, with a median long-term survival of 60 years in case of a simple underlying cardiac lesion such as a PDA [7] . Moreover, the theoretical advantage of the Potts shunt compared with balloon atrial septostomy is to create a permanent post-cardiac right-to-left shunt that does not provoke arterial oxygen desaturation in the upper part of the body, including the brain and the coronary circulation [8, 9] .
In our series, the postoperative course remains a critical period with 25% of patients experiencing major early complications. However, our results confirm that immediate clinical improvement in survivors is long-lasting and allow progressive weaning from intravenous epoprostenol. The case of our patient who underwent successful DLTx 6 years after a surgical Potts shunt demonstrates that lung transplantation still remains a therapeutic option if needed, even after a surgical Potts [17] . To date, two other authors have published case reports of surgical Potts shunts [22, 23] . Although these 2 patients did not present with IPAH and a structurally normal heart as those from our series, postoperative functional status was markedly improved, suggesting that patients with severe PAH caused by other condition may benefit from this approach.
In patients with systemic level of pulmonary artery pressures, creation of a Potts anastomosis bears the risk of turning the interarterial right-to-left shunt into a left-to-right shunt, thus being responsible for a volume overload of the pulmonary circulation and increasing pulmonary artery pressures and a steal phenomenon from systemic to pulmonary circulations. To try to enlarge the scope of Potts candidates into patients with iso-or infrasystemic PAH, we evaluated surgical palliation of IPAH by a unidirectional valved Potts anastomosis in an animal model [16] . A prosthetic patch of PTFE was used in 14 pigs to create the unidirectional valve and implanted in the Potts anastomosis. This study clearly demonstrated that the desaturation caused by the right-to-left shunting is controlled automatically by the unidirectional valve at the level of the anastomosis when the systemic pressure increases again to values superior to those in the pulmonary artery, without inversion of the shunt because of the valve in the anastomosis. This new concept that we successfully applied for the first time in a child from the present series can be of help in young adult patients with pulmonary hypertension and infra-or isosystemic pulmonary arterial pressure presenting with exercise intolerance.
The promising results from surgical Potts shunt inspired us and others to try percutaneous interventional methods in creating a connection between the aorta and the left pulmonary artery. This allows one to avoid the risks of a thoracotomy or sternotomy in patients with severe pulmonary hypertension. A small number of children with PAH have a small PDA. In those patients, the creation of a Potts by stenting the PDA is facilitated by the existing connection between the two great vessels [10, 13] . We recently showed that the opening of a tiny residual PDA by stenting allows for effective post-tricuspid decompression of the pulmonary circuit in patients with chronic, drug-refractory suprasystemic PAH [10] . Technically, the choice of stent diameter is a compromise between various parameters including age, weight, 'surgical' target diameter as well as narrowest PDA diameter. We chose to gradually enlarge the diameter of the connection by sequential balloon inflations with the aim of equalizing the PA and aortic systolic pressures, maintaining pulmonary blood flow and limiting the desaturation of the inferior limbs. In our experience, a 6-mm stent was used in the youngest patient and a 10-mm stent for the oldest patient. Bare metal stents were used in most cases. The existence of this tiny PDA was unknown in most patients in whom this technique was applied. The promising results of this technique compelled us to change the approach and protocol for management of patients with suprasystemic PAH. We now do a detailed cardiac catheterization in all patients with suprasystemic PAH to look for a PDA. Even a tiny PDA can be opened by stent insertion to equalize aortic and pulmonary pressure and improve RV function. If the PDA is absent, the technique is more complex and hazardous. Some authors have however recently reported the creation of shunt in 4 patients [11] . Using fluoroscopic guidance, they punctured the aorta at the site of apposition with the left pulmonary artery and deployed a 7-mm covered stent between the two vessels in all patients. The procedure was technically successful in 3 of 4 patients. One patient died of uncontrolled haemothorax during the procedure. The three successful procedures were technically demanding with 1 patient needing a second telescopic stent to prevent stent displacement, 2 patients experiencing balloon burst and one of them with detectable controlled bleeding.
There is a lot of room for improvement of this initial technique. A better understanding is, first of all, necessary to better understand the relationship of the aorta and left pulmonary artery. With the idea of a transcatheter Potts, Guo et al. [24] recently reported data on anatomical dispositions of both vessels in adults with PAH. Besides these anatomical features, other approaches were investigated to make this technique safer. The use of radiofrequency rather than trans-septal needle to perforate the aortic and pulmonary artery walls may improve the safety of transcatheter Potts [12] . Some authors investigated the creation of a connection using magnetic catheters in an experimental model (Fig. 2) [25] . Up to now, none of these have been tested in humans. Although many questions remain unanswered about transcatheter Potts creation, this approach is nowadays a reality. The spatial proximity between aorta and left pulmonary artery makes the connection possible using transcatheter techniques. Improvements in safety using dedicated tools are on the way to make the procedure safe and reproducible by interventionists.
CONCLUSION
In an attempt to convert IPAH into a patent ductus arteriosusrelated Eisenmenger physiology, the Potts shunt has been evaluated by multiple groups worldwide with very promising results. The majority of survivors of the early postoperative period have a prolonged survival and a dramatic improvement in their functional status in the long term. However, whether this functional improvement is long-lasting needs to be confirmed, as one of our patients has required DLTx 6 years after her Potts procedure and another one is on the waiting list. Based on these considerations, transcatheter techniques have also been applied and will continue to develop in the near future, in order to confirm the early encouraging results of this percutaneous approach and to improve its safety.
We believe that Potts shunt may be preferred to balloon atrial septostomy as it efficiently decompresses the right heart without provoking arterial oxygen desaturation in cerebral and coronary territories. According to the updated data, we propose that Potts shunt be considered as a first surgical or interventional step in the management of children with severe, drug-refractory PAH, leaving the door open for further lung transplantation, if needed.
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Keywords: Congenital • Physiology • Pulmonary Hypertension • Potts shunt Pulmonary arterial hypertension (PAH) is a rare disease with significant morbidity and mortality and an estimated prevalence of less than 10 cases per 1 million children. The 5-year survival of patients diagnosed with the disease is 74% regardless of whether the aetiology is idiopathic, familial, or associated with congenital heart disease. Patients with Eisenmenger's syndrome have a significantly better prognosis [1] .
The response to acute vasodilator testing (AVT) tailors medical treatment protocols to calcium channel blockers, Endothelin receptor antagonists (Bosentan), Posphodiesterase 5 Inhibitors (Sildenafil) and Prostanoids (Iloprost, Epoprostenol, Treprostinil). Data from the Registry to Evaluate Long-Term PAH Disease Management (REVEAL) demonstrated that 41% of patients were on monotherapy treatment, 30% on dual therapy and 13% of patients were on triple drug therapy [1] . Despite maximal medical therapy, some patients have worsening symptoms and refractory PAH that requires aggressive surgical interventions to palliate their disease.
The armamentarium of surgical options for the treatment of PAH is scarce. Atrial septostomy is based on physiological rationale of decompressing the suprasystemic right ventricular pressure at the atrial level by allowing a right to left shunt, and preserving left ventricular output on the expense of cyanosis. Global analysis of 223 patients demonstrated procedural 24 h mortality of 7.1%
